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DetectionThe endoplasmic reticulum (ER) plays a central role in the co- and post-translational modiﬁcation of many pro-
teins. Disruption of these processes can lead to the accumulation of misfolded proteins in the endoplasmic
reticulum — a condition known as endoplasmic reticulum stress. In recent years, the association of
endoplasmic reticulum stress with a number of disease pathologies has increased interest in the study of this
condition. Current methods to detect endoplasmic reticulum stress are indirect and retrospective. Here we de-
scribe a new method to detect and quantify endoplasmic reticulum stress in live cells using Thioﬂavin T (ThT),
a small molecule that exhibits enhanced ﬂuorescence when it binds to protein aggregates. We show that en-
hanced ThT-ﬂuorescence correlates directly with established indicators of unfolded protein response activation.
Furthermore, enhanced ThT-ﬂuorescence can be detected in living cells within 20 min of application of an
endoplasmic reticulum stress-inducing agent. ThT is capable of detecting endoplasmic reticulum stress induced
by distinctly different conditions and compounds, in different cultured cell types as well as inmouse tissue sam-
ples. Pre-treatment with a potent endoplasmic reticulum stress-reducing agent, 4-phenylbutyric acid, mitigates
the enhanced ThT signal. This new tool will be useful in future research investigating the role of protein
misfolding in the development and/or progression of human diseases.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
The endoplasmic reticulum (ER) plays a central role in lipid biosyn-
thesis andmaintenance of calcium homeostasis. In addition, the ER is re-
sponsible for the efﬁcient trafﬁcking of approximately one third of all
proteins produced in a typical eukaryotic cell. Central to this function is
the co- and post-translational processing of proteins, including disulﬁde
bond formation and N-linked glycosylation, which are essential for
proper protein folding [1]. Under conditions where the inﬂux of nascent
proteins exceeds the processing capacity of the ER, unfolded ormisfolded
proteins can accumulate and disrupt ER homeostasis — a condition
known as ER stress. Conditions of ER stress activate the unfolded protein
response (UPR), which is a cellular self-defense mechanism that func-
tions to alleviate ER stress by decreasing protein synthesis, enhancing
protein folding capacity, and increasing the degradation of irreversibly
misfolded proteins [2,3].Thrombosis & Atherosclerosis
lar and Stroke Research Insti-
L8L 2X2, Canada. Tel.: +1 905
tuck).
rights reserved.ER stress and/or activation of the UPR has been implicated in the de-
velopment of several human pathologies, including neurodegenerative
disorders (Alzheimer, Parkinson), diabetesmellitus, obesity, cancer and
cardiovascular disease [4,5]. Therefore it is possible that factors that are
indicative of ER stress and UPR activation could act as diagnostic
markers of disease development or progression. Furthermore, if ER
stress plays a causative role in disease pathogenesis, then this pathway
may contain targets for therapeutic intervention.
ER stress can be measured indirectly by monitoring the activation/
upregulation of various components of the endogenous UPR. Typically
this involves using qRT-PCR or immunoblotting techniques to detect
changes in UPR mRNA and protein levels, respectively [6]. The advan-
tage of this strategy is that the methods are well established, the re-
quired molecular tools are readily available, and when performed and
analyzed correctly, the results are accurate and consistent indicators
of ER stress. However, these procedures are retrospective in nature be-
cause the ER stress markers are quantiﬁed hours after the cells are
harvested. In addition, these methods indirectly assess ER stress,
through the measurement of speciﬁc components of the UPR. Finally,
multiple UPR gene products have to be monitored because other, ER
stress-independent, pathways can affect expression of individual UPR
genes (see review [6]).
Alternative systems have been developed to detect UPR activation
using exogenous sensors that are inserted into the cells of interest.
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Fig. 1. Increased ThT ﬂuorescence in the presence of thapsigargin. Mouse embryonic ﬁ-
broblasts (MEFs) were treated with 0 or 1 μM thapsigargin (Thaps) and 0, 1 or 5 μM
ThT for 18 h. A) Live cell images were captured and B) ﬂuorescence intensity was de-
termined and quantiﬁed. A signiﬁcant increase in ﬂuorescence was observed with
5 μM ThT. *P b 0.05, n = 3, Scale bar = 100 μm.
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fusion constructs, and reporter constructs containing XBP-1 or ATF6
binding sites [7–10]. The SEAP and XBP-1-venus systems have been
shown to work in vivo as well as in cultured cells. The limitation of all
of these detection systems is that they require the introduction of an
exogenous transgene reporter.
The growing appreciation of the role of ER stress in the development
and progression of several important diseases together with the limita-
tions of the currently available systems of ER stress/UPRdetection under-
lies the need for amore versatile technique to rapidly detect and quantify
misfolded proteins. Thioﬂavin T (ThT) is a small molecule with ﬂuores-
cence properties that has been shown to bind selectively to protein ag-
gregates, particularly β-sheets [11–14]. The objective of this study is to
characterize and evaluate the effectiveness of ThT, as a tool to detect pro-
tein aggregates as a measure of ER stress levels in living cells.
2. Methods
2.1. Cell culture
Mouse embryonic ﬁbroblasts (MEFs) and human hepatocarcinoma
(HepG2) cells were cultured in 1× DMEM (Invitrogen, Burlington,
ON) containing 10% FBS (Hyclone, Rockford, IL). Human aortic endothe-
lial cells (HAECs) were cultured in medium 200 (Cascade Biologics,
Portland, OR) containing 10% Low SerumGrowth Supplement (Cascade
Biologics). All cells were maintained at 37 °C in 5% CO2. Cells were split
with 1× trypsin into 6-well culture dishes and allowed to adhere over-
night before incubation with speciﬁc treatments for 0–18 h. Cells were
washed with 1× PBS and treatments were ﬁlter sterilized and diluted
in culture media prior to application. ThT (Sigma, St. Louis, MO) was
dissolved in 0.5 mL 70% ethanol and diluted in 5.5 mL media to create
a 5 mM stock solution. The stock solution was further diluted in
media to a ﬁnal concentration of 5 μM. Glucosamine hydrochloride
(Sigma) and 4-phenylbutyric acid (4PBA) (Science Lab, Houston TX)
were diluted in media and adjusted to pH 7.2. DTT (Sigma) and
thapsigargin (Sigma) were diluted in media, and palmitate (Sigma)
was prepared in BSA and media as previously described [15].
2.2. Immunoblot analysis
Monoclonal antibodies to Grp78/94 (anti-KDEL, Stressgen Biotech-
nologies, Victoria, BC), Gadd153/CHOP (Santa Cruz, Santa Cruz, CA),
and anti-β-actin (Sigma-Aldrich) were used for protein detection/
quantiﬁcation by immunoblot analysis. Total protein lysates from cell
culturewere normalized by Bradford assay, solubilized in 4× SDS-PAGE
sample buffer and separated on SDS-polyacrylamide gels under reduc-
ing conditions. Blots were incubatedwith the appropriate primary anti-
body for 18 h at 4 °C and subsequently with an anti-mouse horseradish
peroxidase-conjugated secondary antibody (DAKO, Burlington, ON).
Blots were developed using the ImmobilonWestern chemiluminescent
horseradish peroxidase substrate (Millipore, Billerica, MA), and visual-
ized with the ChemiDoc XRS System (BioRad). Band densities were
quantiﬁed using Image Lab software.
2.3. Fluorescence detection and quantiﬁcation
Fluorescent images of live cells were taken at a 500 ms exposure
under a 10× objective (N.A. 0.25) with an Olympus CKX41 microscope
(Ex. BP460–490 nm, barrier Em. 520 nm) and Inﬁnity1-3C camera and
saved using Inﬁnity Analyze software (Lumenera Corp., Ottawa, ON).
Fluorescent images were converted to 8-bit before being quantiﬁed by
threshold analysis on ImageJ. Cells from each image were manually
counted to normalize the ﬂuorescent data per cell. Signal intensity,
and assay sensitivity, can be increased by using objectives with a higher
numerical aperture. Confocal images of 4% paraformaldehyde/PBS ﬁxed
cells were taken with a 63× glycerol immersion lens on a MultiphotonLeica TCS SP5 confocal microscope (Dr. Ray Truant's Lab, McMaster
University). The excitation and emission settings were: DAPI (Ex. MP
laser 800 nm, Em. 410–530 nm), ThT (Ex. 458 nm, Em. 480–520 nm),
andAlexa568 (Ex. 561 nm, Em. 575–645 nm). Eachﬂuorescent channel
was imaged sequentially, as opposed to simultaneously, to avoid chan-
nel overlap. Cells were ﬁxed for 20 min at room temperature, brieﬂy
permeabilized (5–30 s) with 0.05% TritonX/PBS, blocked for 20 min
with 5% BSA/PBS and incubated with 1:700 mouse anti-KDEL
antibody/PBS overnight at 4 °C. Cells were PBS washed (3×), then in-
cubated with 1:700 Alexa568 anti-mouse secondary antibody/PBS
for 1 h at room temperature (protected from light). Cells were PBS
washed (3×), then incubated with RTU DAPI for 1 min, and washed
with dH20 (3×). Cells were incubated with 5 μM ThT for 10 min (do
not wash), and mounted to slides using 2 drops of Fluoromount and
stored at 4 °C in the dark.2.4. Mouse tissue
Fresh frozen ApoE−/− mouse liver was sectioned, collected onto
cover slides and stored at −20 °C. Prior to ThT staining, sections
were allowed to thaw for 5 min and then ﬁxed in 37% formaldehyde
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water, and incubated with fresh ﬁltered 500 μM ThT in PBS for
3 min at room temperature. Slides were washed in water for 3 min.
To preserve the ﬂuorescence, slides were coated with 2 drops of
Fluoromount (Sigma) and cover-slips were applied before imaging.
The McMaster University Animal Research Ethics Board approved of
all procedures.2.5. Statistical analysis
Data are expressed as mean ± standard deviation. A signiﬁcance of
differences was determined using an unpaired t-test of equal variance.
P values b 0.05 are considered statistically signiﬁcant.Thapsigargin ( M)B
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Fig. 2. ThT ﬂuorescence intensity corresponds to ER stress-induced activation of the unfold
12 h. A) Live cell images were captured and ﬂuorescence intensities were determined. B)
using antibodies speciﬁc for UPR proteins, Grp78 and Gadd153. C) The observed increase in G
*P b 0.05, n = 3, Scale bar = 100 μm.3. Results
3.1. The effect of ER stress on ThT ﬂuorescence intensity
Our ﬁrst aim was to determine the effect of ER stress on ThT ﬂuores-
cence in living cells and also to identify the concentration of ThT that is
required to give a signiﬁcant and detectable signal. Mouse embryonic
ﬁbroblasts (MEFs) were cultured in the absence (0 μM) or the presence
(1 μM) of the ER stress-inducing agent, thapsigargin [16], for 18 h. In-
creasing concentrations of ThT (0–50 μM) were added to the cultures.
Low level background ﬂuorescence (auto-ﬂuorescence) was detected
in the absence of ThT. In unstressed cells (0 μMthapsigargin), a linear in-
crease in ﬂuorescencewas detectable with increasing ThT concentration
(Fig. 1). Relative to controls, ﬂuorescence was signiﬁcantly enhanced in60
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ed protein response. MEFs were treated with 0–1.0 μM thapsigargin and 5 μM ThT for
Cells were harvested and total protein lysates were resolved for immunoblot analysis
rp78 protein levels correlates directly with the measured increase in ThT ﬂuorescence.
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fold, P b 0.01)was observed in the presence of 5 μMThT. Concentrations
≥50 μM ThT were toxic, and resulted in substantial cell death (data not
shown). In all subsequent experiments, ThT was used at a concentration
of 5 μM.
To determine if the intensity of ﬂuorescence directly correlated to
the level of UPR activation, MEFs were cultured in the presence of in-
creasing concentrations of thapsigargin (0–1 μM) for up to 18 h. ThT
(5 μM) was added to all cells. Images of living cells were captured,
and ﬂuorescence was quantiﬁed (Fig. 2A). The same cells were then
harvested, proteins were resolved by SDS PAGE, and blots were probed
with antibodies against established markers of ER stress, Grp78 and
Gadd153 (Fig. 2B). As expected, increasing the concentration of
thapsigargin resulted in increased Grp78 and Gadd153 protein levels.
A similar, linear increase in ThT ﬂuorescence intensity was also ob-
served in these cells. This result suggests that there is a direct correlation
between ThT ﬂuorescence intensity and UPR activation in living cells
(Fig. 2C).ThapsA -
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Fig. 3. Exposure to the chemical chaperone, 4PBA, reduces UPR activation and ThT ﬂuorescen
A subset of cells was also treated with the chemical chaperone 4PBA (10 mM). A,B) Live ce
control for background ﬂuorescence (bottom panel), and quantiﬁed. C) Total protein lysat
for Grp78, Gadd153 or β-actin, as a loading control. *P b 0.05, **P b 0.01, n = 3, Scale bar3.2. The effects of chemical chaperones on ThT ﬂuorescence
The observed direct correlation between ThT-dependent ﬂuores-
cence and UPR activation is consistent with the possibility that ThT
is interacting with accumulating misfolded proteins in the ER. To
examine this possibility more closely, we treated cells with 0.6 μM
thapsigargin in the presence or absence of 10 mM 4-phenylbutyric
acid (4PBA), a chemical chaperone that has been shown to directly
alleviate ER stress [17]. ThT and/or 4PBA treatment had no signiﬁ-
cant effect on ﬂuorescence intensity (Fig. 3A,B) or the expression
of UPR genes (Fig. 3C) in unstressed cells. Treatment with 4PBA
signiﬁcantly attenuated thapsigargin-induced Grp78 and Gadd153
expression levels, and was also associated with a signiﬁcant
decrease in ThT ﬂuorescence. Similar results were observed when
ER stress was attenuated using 400 μM tauroursodeoxycholic
acid (TUDCA) (Supplementary Fig. 1). These data are consistent
with ThT ﬂuorescence acting as a direct indicator of misfolded
proteins.Thaps+PBA PBA
*
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Fig. 4. Co-localization of ThT and KDEL in the ER of thapsigargin-treatedMEFs. MEFs were treatedwith 0 or 1.0 μM thapsigargin for 8 h before visualization. Cells were ﬁxed, probedwith an
anti-KDEL antibody, and stained with DAPI and 5 μM ThT, as indicated. Confocal images were captured using a Multiphoton Leica TCS SP5 confocal microscope. n = 4, Scale bar = 10 μm.
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In order to determine the subcellular localization of the ThT staining,
MEFs were treated with 0 or 1.0 μM thapsigargin for 8 h and thenstained, as described above, with ThT. The cells were subsequently
probed with an anti-KDEL antibody that is speciﬁc for the ER resident
chaperones Grp78 and Grp94. Multiphoton ﬂuorescent confocal
microscopy was used to visualize the staining (Fig. 4) and appropriate
2298 D.R. Beriault, G.H. Werstuck / Biochimica et Biophysica Acta 1833 (2013) 2293–2301controls (Supplementary Fig. 2). As expected, there is an increase in
anti-KDEL staining in the perinuclear region of thapsigargin treated
cells that is consistent with increased Grp78/94 protein concentration
in the ER. Enhanced ThT-ﬂuorescence in thapsigargin treated cells
colocalizes to the ER. This result is consistent with ThT interacting di-
rectly with misfolded proteins in the ER.3.4. The ability of different ER stress-inducing agents to enhance ThT
ﬂuorescence
Thapsigargin promotes ER stress by disrupting ER Ca2+ homeosta-
sis. ER stress can also be induced by disrupting disulphide bond for-
mation (DTT) [18], disrupting N-linked glycosylation (glucosamine)
[19], or by altering the composition of the ER membrane (palmitate)
[20]. To determine if enhanced ThT-dependent ﬂuorescence was in-
dicative of ER stress induced by distinctly different compounds,
MEFs were treated with 2 mM DTT, 5 mM glucosamine, or 700 μM
palmitate in the presence or absence of 10 mM 4PBA. Fluorescence
was quantiﬁed and UPR protein markers analyzed. Results clearly
show that each of the ER stress-inducing agents tested; i) promotes
expression of Grp78 and Gadd153, and ii) enhances ThT ﬂuorescence
(Fig. 5A–C). Grp78/Gadd153 expression, and enhanced ﬂuorescence,
is attenuated, in each case, with the addition of the chemical chaper-
one 4PBA. This result suggests that ThT is a general indicator of ER
stress.12
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tein lysates were immunoblotted with antibodies against Grp78 or Gadd153, as indicated.3.5. The time course of enhanced ThT ﬂuorescence
Indirect quantiﬁcation of ER stress by immunoblot analysis of
stress response proteins can only be performed after incubation
times of 6 to 8 h because of the time required to induce changes in
UPR protein levels through the activation of UPR gene expression [6].
To determine how soon, after application of an ER stress-inducing
agent, that an increase in ThT ﬂuorescence is detectable, MEFs were
treated with ThT and 0.6 μM thapsigargin for 0–12 h. Images of live
cells were captured and ﬂuorescence intensity was measured. Results
indicate that a signiﬁcant increase in ﬂuorescence, indicative of the
accumulation of misfolded proteins, is detectable by 20 min after
treatment with the ER stress-inducing agent (Fig. 6). This time corre-
sponds to the phosphorylation of eIF2α, one of the earliest indicators
of the activation of the UPR/PERK pathway [21,22].
3.6. The ability of ThT to detect ER stress in different cell types
The ability of ThT to detect ER stress in non-MEF cell typeswas inves-
tigated. A hepatocarcinoma cell line (HepG2) and primary human aortic
endothelial cells (HAEC)were challengedwith 1 μMthapsigargin, 2 mM
DTT or 5 mM glucosamine for 12 h. ThT (5 μM) was added to each cell
culture, images were captured and ﬂuorescence intensities quantiﬁed
(Fig. 7). A signiﬁcant increase in ﬂuorescence was observed in cells
treated with the ER stress inducing agents. This suggests that ThT can
detect ER stress in multiple cell types.Immunoblot
Grp78
add153
DTT DTT PBA-
+PBA
Grp78
add153
GlcN GlcN
+PBA
PBA-
Grp78
Gadd153
Palm Palm
+PBA
PBA-
e challenged with A) 2 mM DTT, B) 5 mM glucosamine (GlcN), or C) 700 μM palmitate
ed to all cells. Live cell ﬂuorescent images were captured and quantiﬁed and total pro-
*P b 0.05, **P b 0.01, n = 3.
100
*
A
10
Thaps
*
*
*
*
1
20 min 30 min 1 hr 6 hr 12 hr
R
el
at
iv
e 
In
te
ns
ity
 
Pe
r C
el
l (l
og
10
) 
untreated
5 min
Time
12
**
B
4
8
/ t
ot
al
-e
IF
2 **
*
0
0 5 20 30 60
R
el
at
iv
e 
Ph
os
-e
IF
2
Time (min)
Phos-eIF2
Total-eIF2
0 5 20 60 min30 Thaps
Fig. 6. Enhanced ThT ﬂuorescence is detectable within 60 min. MEFs were challenged
with 0.6 μM thapsigargin (Thaps) in the presence of 5 μM ThT. A) Live cell sequential
images were captured and ﬂuorescence intensity quantiﬁed 5, 20, 30, 60, 360 and
720 min after the addition of the ER stress inducing agent. B) MEF cells were harvested
at the corresponding time points for immunoblot analysis of total and phospho-eIF2α.
*P b 0.05, **P b 0.01, n = 3.
2299D.R. Beriault, G.H. Werstuck / Biochimica et Biophysica Acta 1833 (2013) 2293–23013.7. Detecting ER stress in mouse tissue
ThT has been used extensively to detect amyloid proteins in brain
tissue [11,23]. To determine if ThT could be used to detect ER stress in
tissues, we examined murine liver sections. We have previously shown
that streptozotocin-induced hyperglycemia [24] or glucosamine-
supplementation [25] can induce hepatic ER stress in ApoE−/−mice. In
this experiment, frozen liver sections from glucosamine-supplemented
mice were stained with ThT and compared to age and gender matched
control mice. The results show signiﬁcantly more ThT ﬂuorescence in
glucosamine-supplemented liver relative to the controls (Fig. 8). As ob-
served in the cultured cell systems, inclusion of the chemical chaperone
4PBA [26] reduced the level of ThT ﬂuorescence.
4. Discussion
Thioﬂavin T (4-(3,6-dimethyl-1,3-benzothiazol-3-ium-2-yl)-N,
N-dimethylaniline chloride) is a benzothiazole dye that exhibits en-
hanced ﬂuorescence upon binding to proteins that are rich in
β-sheet structures [11]. ThT has been shown to bind to amyloid ﬁbrils
containing “cross-β” structures consisting of laminated β-sheets
whose strands run perpendicular to the ﬁbril. Such structures are as-
sociated with Alzheimer's and prion diseases as well as systemic
amyloidoses [23]. Upon binding to these structures, ThT exhibits a
shift in emission maximum (from 445 nm to 482 nm) as well as anincrease in ﬂuorescence intensity of several orders of magnitude
[12,13]. Together, these characteristics have made ThT a commonly
used dye, both in vitro and in vivo, in the detection, diagnosis and
analysis of amyloid ﬁbrils and their associated pathologies in brain
tissue and pancreatic islets [14,27,28].
Studies investigating the speciﬁcity of ThT have revealed that, in ad-
dition to amyloids, ThT can interact and bind to hydrophobic pockets in
globular proteins. In particular, interactions with the α-helices of ace-
tylcholinesterase [29], and the hydrophobic pocket of human serum al-
bumin [30] are well documented. Furthermore, reports have shown
that ThT can promote [31] or inhibit [32] protein aggregation suggesting
that, under certain conditions, the interaction of ThTwith protein struc-
tures can actively alter the folding process. Recently, ThT has been
shown to interact with, and stabilize, DNA oligomers containing tele-
metric sequences in a pH and potassium-dependent manner [33]. The
ﬂuorogenic properties of ThT, together with its ability to bind to
non-amyloid structures suggest that we are only beginning to under-
stand the utility of this small molecule.
In a typical cell, one third of all of the proteins that are synthe-
sized, are processed in the ER. ER stress is a condition in which the ca-
pacity of the ER resident folding machinery is overwhelmed by the
load of nascent proteins. This results in the accumulation of misfolded
proteins and the subsequent activation of the UPR [2,3]. The UPR is
initiated by three different trans-ER membrane proteins, PKR-like
ER Kinase (PERK), Inositol-Requiring Enzyme (IRE)-1 and Activating
Transcription Factor (ATF)-6, which act as sensors of misfolded
proteins. Upon activation these factors act in concert to; i) reduce
the load of nascent proteins that require folding by inhibiting protein
translation, ii) increase the protein processing capacity of the ER by
speciﬁcally enhancing expression of chaperones and foldases, and
iii) increasing the capacity of the cells to degrade terminally
misfolded proteins [2,3].
Generally ER stress is detected indirectly by measuring the levels of
speciﬁc UPR factors. Commonly measured indicators of UPR activation
include; phosphorylated PERK, phosphorylated eIF2α, Gadd153/CHOP,
ATF4, Grp78/BiP, Grp94, calreticulin, and protein disulphide isomerase
(PDI). These markers are usually detected by immunoblot or immuno-
histochemistry [6,34]. ER stress-induced XBP-1 splicing and UPR gene
expression can also be quantiﬁed using RT-PCR. Although these detec-
tion techniques have been successfully employed in many studies,
they do have several limitations; i) mRNA isolation/RT-PCR and immu-
noblot analysis can be time consuming and analysis is retrospective,
ii) the sample being analyzed is generally destroyed by the process of
analysis, iii) othermetabolic pathways can activate speciﬁc components
of the UPR in the absence of ER stress thereby giving a false positive, iv)
different cells/tissues express different sets of UPR genes and the detec-
tionmethods have to bemodiﬁed accordingly, and ﬁnally, v) all of these
procedures are indirect measures of ER stress.
Our results suggest that ThT ﬂuorescence is a viable new method
to detect and quantify ER stress. The measured increase in
ThT-ﬂuorescence directly correlates to the degree of UPR activation,
as quantiﬁed using more traditional assay systems. ThT has several
apparent advantages over traditional methods including; i) enhanced
ThT ﬂuorescence is detectable 20 min after application of an ER
stress-inducing agent, ii) ThT ﬂuorescence can be continuously mon-
itored and quantiﬁed in living cells over time, iii) ThT ﬂuorescence is a
more direct measure of protein aggregation, and iv) ThT detection is
effective in different cell types, that are challenged with a range of
different ER stress-inducing agents and conditions.
At the present time, we do not know if the enhanced ThT ﬂuores-
cence that is observed under conditions of ER stress is attributable to
speciﬁc misfolded proteins or protein structures, or if the ﬂuores-
cence is a result of non-speciﬁc binding to protein aggregates. Al-
though we do present data showing that enhanced ThT ﬂuorescence
co-localizes with ER resident KDEL containing proteins under condi-
tions of ER stress, we do not directly show that ThT is interacting
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Fig. 7. ER stress promotes enhanced ThT ﬂuorescence in different cell types. Human hepatocellular carcinoma cells (HepG2) and human aortic endothelial cells (HAEC) were exposed to
5 mM glucosamine (GlcN), 0.6 μM thapsigargin (Thaps) or 2 mM DTT as indicated and live cells were imaged after 6 h and quantiﬁed. *P b 0.05, n = 3, Scale bar = 100 μm.
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ized the ability of ThT to bind to protein aggregates [11–14,32]. It
should also be noted that ThT is not speciﬁcally localized to the
ER and the accumulation of misfolded proteins in the cytosol, or in
other subcellular organelles, may induce enhanced ThT ﬂuorescence.
Furthermore, conditions of unconventional UPR that selectively
activate only one ER stress sensor (PERK, IRE, or ATF6) independently
of proteinmisfolding, will likely not induce enhanced ThT ﬂuorescence.
5. Conclusions
Our results indicate that ThT ﬂuorescence can be used to directly
detect, monitor and quantify ER stress levels in living cells and in an-
imal tissues. This technique has several advantages over the current
established methods used to measure ER stress levels; it is inexpen-
sive, allows for rapid analysis in living cells and in real time. Evidence
supporting a role for ER stress in the development of human condi-
tions and diseases including Alzheimer's, Parkinson's, diabetes
mellitus, obesity, cancer and cardiovascular disease has increased in-
terest in the detection of misfolded proteins in the ER. One potential
application of ThT may be the detection and quantiﬁcation of ER
stress in tissues of cancer patients. A recent clinical study has found
that the expression of Grp78 and CHOP in visceral adipocytes predicts
endometrial cancer progression and patient survival [35]. Future
studies will target this and other potential applications of ThT as a
novel ER stress-sensing tool.
Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbamcr.2013.05.020.Competing interests
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